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ABSTRACT: The density banding patterns of the skeletons of massive reef-building corals can be 
used as historical records of their growth, life history, and environmental conditions. By analyzing 
these patterns, it is possible to estimate growth parameters such as skeletal density, extension rate, 
and calcification rate. The responses of stony corals to environmental stress depend on the amount 
of energy available for high-energetic metabolic processes, including skeletal calcification and 
sexual reproduction. The sex of a colony may also influence its calcification rate and resistance to 
environmental stressors like thermal anomalies. Here, we review and summarize the literature that 
focuses on sex-associated differences in coral calcification rates between male and female colonies 
and then we examine their differential responses to changes in sea surface temperature (SST) in 
Porites panamensis, P. lobata, Pavona gigantea, Siderastrea siderea, Montastraea cavernosa, Dicho-
coenia stokesi, and Dengrogyra cylindrus from the eastern Pacific and Caribbean regions through a 
reanalysis of published data. Differences in the calcification rates between sexes were due to the 
energy available for calcification and the strategy employed for skeletal growth. Female corals 
exhibited lower calcification rates than male colonies in all coral species. The results reveal that 
overall, the calcification rate was negatively related to SST when the data of both sexes were 
pooled. However, when data were analyzed separately by sex, only the calcification rate of females 
was significantly dependent on SST. These findings highlight the implications for paleoenviron-
mental reconstructions using coral skeletons and the potential disparities in the populations of 
gonochoric corals.  
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1.  INTRODUCTION 

Scleractinian corals provide the primary physical 
framework for coral reefs by building complex 3-
 dimensional structures that support what is consid-
ered the highest marine biodiversity (Perry et al. 
2008, Carricart-Ganivet et al. 2012). One of the most 
important active processes in the bioconstruction of 
these 3-dimensional structures is calcification (Gat-
tuso et al. 1998, Sheppard et al. 2009, Allemand et al. 
2011), which is the sustained deposition of calcium 
carbonate (CaCO3). Indeed, coral biomineralization, 
namely skeletal growth, is responsible for the ecologi-
cal success of scleractinian corals, as it determines 
their ability to compete for space and resources 
(Lough & Barnes 2000). The balance between accre-
tion and erosion rates controls the growth and main-
tenance of the reef framework at different spatiotem-
poral scales (Hutchings 1986, Glynn 1997, Vecsei 
2004, Manzello et al. 2008). Furthermore, the in -
clusive records obtained from the skeletal growth of 
reef-building coral species provide historical climate 
information that can determine the re-
sistance threshold of hermatypic corals 
over time (Lough & Cooper 2011). 

The sclerochronological characteris-
tics of massive coral skeletons and their 
inclusive records can be estimated from 
the density banding pattern (Knutson 
et al. 1972, Lough 2010), as pairs of 
high-density (HD) and low-density 
(LD) bands reflect the theoretical an-
nual growth of the coral skeleton 
(Fig. 1). By analyzing the density band-
ing pattern, 3 variables can be mea-
sured: skeletal density (g CaCO3 cm–3), 
which is the amount of carbonate de-
posited in a unit of volume; the exten-
sion rate (cm yr–1), which is the longi-
tudinal apical growth over 1 yr; and the 
calcification rate (g CaCO3 cm–2 yr–1), 
which results in the amount of carbon-
ate deposited over 1 yr. These variables 
can be employed in a complementary 
manner to describe the growth (Lough 
& Cooper 2011) and life history of 
corals while making it possible to map, 
track, and relate coral growth to past 
environmental conditions. 

In coral colonies with massive mor-
phologies, the density banding pattern 
will arise from 2 different growth 
strategies depending on the skeletal 

architecture of the coral species. Ceroid corals, which 
have porous skeletons, invest calcification resources 
into extending the colony linearly, whereas plocoid 
corals, which have solid skeletons, use CaCO3 
budgets to increase skeletal density (Carricart-Gani-
vet 2007, Lough & Cantin 2014). Thus, in massive plo-
coid corals (e.g. Orbicella spp.), the calcification rate 
is usually related to skeletal density (Cruz-Piñón et al. 
2003, Mozqueda-Torres et al. 2018, Cruz-Ortega et al. 
2020). In massive ceroid corals (e.g. Porites spp., Sid-
erastrea siderea, and Pavona spp.), the calcification 
rate is usually related to skeletal extension (Barnes & 
Lough 1993, 1996, Carricart-Ganivet et al. 2013, Tor-
tolero-Langarica et al. 2016, 2017). 

By understanding the processes and strategies that 
corals use to build their skeletons and quantifying 
sclerochronological characteristics, valuable insights 
into historical environmental conditions can be ob-
tained (Lough 2010), such as those that have been 
gleaned by other proxy recorders like tree rings or ice 
cores (Barnes & Lough 1993, 1996). For example, max-
imum calcification rates are generally recorded when 
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Fig. 1. X-radiograph positive images of sliced skeletons showing annual density 
banding pattern (dark band: high density; light band: low density) in massive 
corals (a) Porites panamensis, (b) Pavona gigantea, (c) Dichocoenia stokesi, and  

(d) Dendrogyra cylindrus
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environmental conditions (e.g. temperature and irra-
diance) are optimal (Kleypas et al. 1999 a,b, Carricart-
Ganivet 2007, Colombo-Pallota et al. 2010, Done 2011). 
Thus, the density banding pattern of coral skeletons 
can mirror the environmental variability of the area. 
Understandably, density banding patterns have be-
come pertinent ecological indicators of the negative 
effects of climate change and the local pressures that 
affect coral reefs (Barnes & Lough 1996, Cohen et al. 
2004, Manzello et al. 2008, Lough 2010, Manzello 
2010a,b, Anthony et al. 2011, Lough & Cantin 2014). 

Several environmental factors drive coral density 
banding patterns and/or coral calcification rates, in-
cluding light irradiance, aragonite saturation, water 
turbidity, and hydraulic energy (Wellington & Glynn 
1983, Lough & Barnes 2000, Grigg 2006, Smith et al. 
2007, Lough & Cooper 2011). Sea surface temperature 
(SST) has been historically singled out as a key con-
troller of coral calcification rates and all high-cost 
physiological processes (Lough & Barnes 2000). In 
most stony corals, the calcification rate is positively 
related to the intra-annual variability in SST during an 
annual cycle (Lough & Barnes 2000, Lough & Cooper 
2011). However, recurrent thermal anomalies in SSTs 
above the seasonal average can disrupt or inhibit cal-
cification and cause bleaching (De Salvo et al. 2008, 
Carilli et al. 2009), depending on the intensity and 
periodicity of the thermal stress and the acclimatiza-
tion, resistance, local thermal history, and thermal 
sensitivity of the coral species present (Carricart-Ga-
nivet et al. 2012). Long-term experiments have shown 
that most corals exhibit optimal calcification rates at 
SSTs ranging from 26–29°C, with calcification rates 
plummeting when thermal conditions become subop-
timal (±2°C of mean annual SST; Clausen & Roth 
1975, Jokiel & Coles 1977, Coles & Jokiel 1978, Mar-
shall & Clode 2004, Hoegh-Guldberg et al. 2007, Alle-
mand et al. 2011, Veron et al. 2016). Indeed, 
decreasing calcification rates in different ecoregions 
have been linked to the continual abnormal increase 
in average annual SSTs over time (Wórum et al. 2007, 
Cooper et al. 2008, De’ath et al. 2009, Saenger et al. 
2009, Tanzil et al. 2009, 2013, Cantin et al. 2010, Carri-
cart-Ganivet et al. 2012, Tortolero-Langarica et al. 
2017, Cruz-Ortega et al. 2020). 

The responses and resilience of stony corals to envi-
ronmental stress depend on their life histories and the 
amount of energy available to cope with stress and 
maintain key metabolic processes such as tissue for-
mation, tissue repair and maintenance, reproduction, 
and skeleton calcification (Leuzinger et al. 2003, 
Grottoli et al. 2006, Rodrigues et al. 2008, Harrison 
2011, Tambutté et al. 2011). In stony corals, calcifica-

tion occurs in partial isolation from the surrounding 
seawater in the calicoblastic epithelium, resulting in a 
thin layer of living tissue at the surface of the colony 
(Cohen & McConnaughy 2003, Cohen & Holcomb 
2009). Corals can control the chemical conditions of 
the calicoblastic epithelium by actively transporting 
hydrogen ions out of or into the calcifying fluid, 
which are energetically expensive processes that are 
fueled by coral–algae symbiosis (Barnes & Lough 
1993, Cohen & McConnaughy 2003, Cohen & Hol-
comb 2009, Colombo-Pallotta et al. 2010). 

Both coral calcification and reproduction are highly 
energetically demanding processes, with at least 30 
and 25% of the energy budget invested in calcifica-
tion (Allemand et al. 2011) and gamete maturation 
(Richmond 1987, Rinkevich 1989, Leuzinger et al. 
2003), respectively. Indeed, reproduction may be a 
key factor that affects coral growth, especially in 
gonochoric species, as it is more energetically costly 
to produce eggs than sperm (Ward 1995a,b, Hall & 
Hughes 1996, Leuzinger et al. 2003). Therefore, calci-
fication rates in gonochoric corals differ between 
sexes due to the amount of energy that is diverted 
away from calcification to reach the energetic de -
mands of reproduction (Rinkevich 1989, Leuzinger et 
al. 2003, Cabral-Tena et al. 2013, Carricart-Ganivet et 
al. 2013, Tortolero-Langarica et al. 2016, 2017, Moz-
queda-Torres et al. 2018, Cruz-Ortega et al. 2020). 
The sex of the coral colony may also influence its sen-
sitivity and response to environmental stressors that 
affect calcification (e.g. thermal stress and ocean 
acidification), which can disrupt the sex ratio of the 
population and affect the demographics of coral spe-
cies. Indeed, this outcome has been identified in 
Astrangia poculata under laboratory conditions (Hol-
comb et al. 2012) and in Dichocoenia stokesi and Den-
drogyra cylindrus under natural conditions (Cruz-
Ortega et al. 2020). Other problems may also arise if 
colony sex is disregarded in ecological and sclero-
chronological studies, including biased coral growth 
estimations and the inappropriate use or misinterpre-
tation of the information obtained from corals when 
they are used as environmental proxies (Cabral-Tena 
et al. 2013, Carricart-Ganivet et al. 2013, Tortolero-
Langarica et al. 2017). 

Our objectives for this review are to highlight sex-
associated differences in sclerochronological charac-
teristics and calcification rates, especially in response 
to changes in SST. This review includes studies con-
ducted with 7 massive coral species with ceroid or 
plocoid skeletal architectures from 2 oceanographi-
cally contrasting environments: the Caribbean Sea 
and the Eastern Tropical Pacific Ocean (ETP). 
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2.  SEX-ASSOCIATED DIFFERENCES IN 
CORAL GROWTH 

To date, 6 studies have reported sex-associated dif-
ferences in the sclerochronological characteristics of 
7 hermatypic coral species from the Caribbean and 
ETP regions (Cabral-Tena et al. 2013, Carricart-Gani-
vet et al. 2013, Tortolero-Langarica et al. 2016, 2017, 
Mozqueda-Torres et al. 2018, Cruz-Ortega et al. 
2020). This persistent pattern in gonochoric stony 
corals has been reported in species with both ceroid 
and plocoid skeletal architectures, different repro-
duction strategies (e.g. brooding or broadcast spawn-
ing), and seasonal and annual egg maturation 
(Table 1). 

The sex-associated differences in the sclerochro-
nological characteristics of stony corals have re -
flected the following patterns. Female colonies 
have lower calcification rates than those of males in 
all analyzed species and regions, except Siderastrea 
siderea (Fig. 2a). The extension rate was found to 
be higher in male colonies, although it was similar 
between sexes in Pavona gigantea, Dendrogyra 
cylindrus, and Montastraea cavernosa (Fig. 2b). 
Skeletal density was higher in male colonies of 
P. gigantea, D. cylindrus, and M. cavernosa than in 
female colonies yet equivalent between sexes in the 
other 4 species (Fig. 2c). These sex-associated dif-
ferences in sclerochronological characteristics can 
be explained by considering 2 main components of 
skeletal formation: (1) the energy available for cal-
cification (Fang et al. 1989, Colombo-Pallotta et al. 
2010), some of which will be invested into egg 
maturation in female colonies; and (2) the strategy 
employed to construct the CaCO3 skeleton, with 
some corals growing quickly and others forming 
dense structures (Carricart-Ganivet & Merino 
2001). 

2.1.  Energy budget devoted to calcification are 
different between sexes 

The sex-based difference in the energetic budget 
for calcification reflects the amount of energy allo-
cated to physiological processes, which varies (Rinke-
vich 1996, Allemand et al. 2011, Leuzinger et al. 2012) 
and is related to whether the source of energy was 
obtained through autotrophic or heterotrophic routes 
(Cohen & Holcomb 2009). It has also been reported 
that the reallocation of resources from calcification to 
sexual reproduction can inhibit coral growth (Rich-
mond 1987, Leuzinger et al. 2003, Mendes 2004), 
which is notable because corals spend ≥25% of their 
energy budget on reproductive processes (Richmond 
1987, Rinkevich 1989, Leuzinger et al. 2003, Sheppard 
et al. 2009). Given that eggs are more energetically 
costly to produce than sperm (Harrison 1985, Hall & 
Hughes 1996, Harrison 2011), gonochoric female col-
onies invest a higher proportion of their energy 
budgets in gametogenesis, which leaves less energy 
available for calcification. 

Interestingly, of the 7 coral species from the Car-
ibbean and ETP regions, P. gigantea is the only one 
to exhibit mixed reproduction mode. In this species, 
the sclerochronological characteristics of hermaph-
roditic colonies were not statistically different from 
male  colonies but were different from those of 
female colonies (Tortolero-Langarica et al. 2017). In 
addition, P. gigantea shows sequential cosexuality, 
with herm aphroditic colonies preferentially becom-
ing gonochoric males rather than females in sub-
sequent reproductive periods (Ghiselin 1969, Leon-
ard 2006, Harrison 2011). These gonochoric male P. 
gigantea colonies show higher growth rates than 
those of female colonies while still being able to 
mature both gametes (Leonard 2006, Santiago-
Valentín et al. 2015). 
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Species                                        Region            Skeletal      Reproductive     Egg maturation        Study 
                                                                            architecture        strategy                           
 
Porites panamensis          Eastern Pacific     Cerioid            Brooder           Several per year        Cabral-Tena et al. (2013), 

Tortolero-Langarica et al. (2017) 
Porites lobata                     Eastern Pacific     Cerioid         Broadcaster       Several per year        Tortolero-Langarica et al. (2016) 
Pavona gigantea               Eastern Pacific     Cerioid         Broadcaster       Several per year        Tortolero-Langarica et al. (2017) 
Siderastrea siderea               Caribbean         Cerioid         Broadcaster         Once per year          Carricart-Ganivet et al. (2013) 
Montastraea cavernosa       Caribbean         Plocoid         Broadcaster         Once per year          Mozqueda-Torres et al. (2018) 
Dichocoenia stokesi             Caribbean         Plocoid         Broadcaster         Once per year          Cruz-Ortega et al. (2020) 
Dendrogyra cylindrus          Caribbean         Plocoid         Broadcaster         Once per year          Cruz-Ortega et al. (2020)

Table 1. Massive coral species that exhibit sex-related differences in sclerochronological characteristics
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2.2.  Skeletal architecture 

Some clarifications are needed to explain the sex-
associated differences in sclerochronological charac-
teristics when considering skeletal bioconstruction 
and the growth strategies of coral species. As pre-

viously mentioned, SST is one of the most important 
drivers of coral calcification, with HD and LD bands 
associated with warm and cold seasons, respectively 
(Lough & Barnes 2000, Carricart-Ganivet 2004, Mar-
shall & Clode 2004, Edmunds 2005). However, density 
banding patterns also depend on the skeletal archi-
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Fig. 2. Coral growth parameters (mean ± SD) (a) calcification rate, (b) extension rate, and (c) skeletal density of gonochoric 
(male–female) and hermaphroditic coral species. BLA: Bahía de Los Ángeles; BLP: Bahía de La Paz; ISA: Isla Isabel; BAN: Bahía 
de Banderas; PMR: Puerto Morelos. Asterisks (*) denote significant differences between sexes (p < 0.05). Data collected from 
Cabral-Tena et al. (2013), Carricart-Ganivet et al. (2013), Tortolero-Langarica et al. (2016, 2017), Mozqueda-Torres et al. (2018),  

and Cruz-Ortega et al. (2020)
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tecture of coral colonies and follow 2 patterns. In plo-
coid corals (e.g. Montastraea, Orbicella, Dichocoenia, 
and Dendrogyra), density banding arises from the dif-
ferent amounts of CaCO3 that are deposited at differ-
ent times of the year. In these cases, HD-band deposi-
tion occurs almost immediately during the summer 
(Dodge et al. 1993, Helmle et al. 2000, Dávalos-De-
hullu et al. 2008). In ceroid corals (e.g. Porites, Pavona, 
and Siderastrea), the live tissue layer penetrates the 
existing skeleton, and the density banding pattern re-
sults from skeletal thickening that occurs throughout 
this layer. Thus, a difference is present between the 
actual and apparent time difference (ATD) of HD-
band formation that depends on the thickness of the 
live tissue layer and skeletal extension rate (Barnes & 
Lough, 1993, 1996, Taylor et al. 1993), which can lead 
to errors in seasonal-band dating. 

Interestingly, there is strong evidence that the 
skeletal architecture defines not only the density 
banding pattern but also the strategies that the 
corals use to construct their skeletons (Barnes & 
Lough 1993, Carricart-Ganivet & Merino 2001, Car-
ricart-Ganivet 2007, 2011). Ceroid corals (e.g. 
Porites, Pavona, and Sidera strea) invest calcification 
re sources into linear extensions of the colony to 
grow quickly; thus, any reduction in the calcification 
rate will lower the extension rate rather than annual 
skeletal density (Lough & Barnes 2000, Lough 2008). 
On the other hand, plocoid corals (e.g. Montastraea, 
Orbicella, Dendrogyra, and Dichocoenia) use CaCO3 
to augment skeletal density; thus reductions in the 
calcification rate decrease the resulting annual 
skeletal density (Carricart-Ganivet 2004, 2007, 2011, 
Dávalos-Dehullu et al. 2008, Lough 2008, Lough & 
Cantin 2014). Furthermore, coral colonies display 
high growth plasticity, which is related to their mor-
photype (e.g. massive, sub-massive, columnar, en -
crusting, or corallith), in response to local environ-
mental conditions, which can even be apparent in 
the same reef (Lough & Barnes 2000, Lough & 
Cooper 2011, López-Pérez 2013). This variability 
results in different growth parameters among mor-
photypes of the same species (Norzagaray-López et 
al. 2015, Tortolero-Langarica et al. 2016). Therefore, 
differences in the sclerochronological characteristics 
attributed to the sex of coral colonies can also be 
explained by their growth strategies or construction 
mechanisms. 

Four species that exhibit sex-associated differences 
in sclerochronological characteristics between sexes 
(i.e. Porites panamensis, P. lobata, Pavona gigantea, 
and S. siderea) construct porous skeletons (Table 1). 
Of these, P. panamensis, P. lobata, and P. gigantea are 

distributed in the ETP, while S. siderea is distributed 
in the Caribbean. Unsurprisingly, lower extension 
rates explained lower calcification rates in females 
(Fig. 2). The lower extension rates of the female col-
onies compared to those of the male colonies may 
limit the ability of these female colonies to compete 
for space within reefs (Lough & Barnes 2000, Lough 
2008); the only species that did not follow this pat-
tern was P. gigantea, whose low calcification rates 
(fe males vs. males and hermaphrodites) were linked 
with low skeletal density and not low extension rates. 
Even though P. gigantea skeletons are classified as 
porous given that they lack exotheca and exothecal 
dissepiments because corallites share walls, the 
sclero chronological characteristics of P. gigantea 
ske letal density relate to each other as they would in 
solid skeletons. Thus, Pavona spp. corals may build 
highly dense skeletons as a strategy to persist in reef 
communities in the long term, resisting breakdown 
and other mechanical or chemical stressors by main-
taining normal calcification rates under conditions of 
low aragonite saturation (Manzello 2010b). 

The other 3 species that have shown sex-associated 
differences in sclerochronological characteristics 
have solid skeletons (i.e. M. cavernosa, Dichocoenia 
stokesi, and Dendrogyra cylindrus; Table 1) and are 
distributed in the Caribbean region. The lower calcifi-
cation rate in females was expected and is explained 
by lower skeletal density, which is consistent with 
the theory of the stretching modulation of skeletal 
growth proposed by Carricart-Ganivet & Merino 
(2001). Both M. cavernosa and D. cylindrus follow this 
pattern (Fig. 2), but surprisingly, sub-massive D. 
stokesi corals did not, which may be related to colony 
morphology. Indeed, coral morphology is an impor-
tant factor that influences how sclerochronological 
characteristics respond to environmental conditions 
(Tortolero-Langarica et al. 2016). An alternative 
explanation for this divergence from the expected 
relationship observed with D. stokesi is the sample 
size (3 female and 2 male colonies) employed by Cruz-
Ortega et al. (2020). However, male colonies tended 
to have denser skeletons than female colonies (Fig. 2), 
resulting in these female colonies being more suscep-
tible to physical, chemical, and biological breakdown 
(Carricart-Ganivet 2004, 2011). 

2.3.  Sex-associated differences in the calcification 
rate between sexes by skeleton type 

Using published data (Cabral-Tena et al. 2013, Car-
ricart-Ganivet et al. 2013, Tortolero-Langarica et al. 
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2016, 2017, Mozqueda-Torres et al. 2018, Cruz-
Ortega et al. 2020), we analyzed and evaluated the 
difference (%) in coral calcification rates between 
sexes by skeleton type. In ceroid corals (4 species), 
the calcification rate of male colonies was higher than 
that of female colonies (mean ± SD: 20.53 ± 2.26%). 
Likewise, in plocoid corals (3 species), the calcifica-
tion rate of male colonies was higher than that of 
female colonies (39.68 ± 5.95%) (Fig. 3). These ob -
served differences were significant (Student’s t-test 
for uneven variances: t6 = –3.3849, p = 0.01) and may 
be related to architectonic skeletal differences be -
tween plocoid and ceroid skeletons. Plocoid corals 

construct solid skeletons; thus, density banding 
results from different amounts of thickening depos-
ited over skeletal structures laid down at different 
times of the year, and HD-band deposition is immedi-
ate, forming during the summer (Dávalos-Dehullu et 
al. 2008, Carricart-Ganivet et al. 2013). In contrast, 
the live tissue layer of ceroid corals is under the skele-
ton surface, which allows for continuous calcification 
under the tissue layer but results in delayed skeletal 
growth (Barnes & Lough 1992, 1993). This is impor-
tant for HD band formation and the apparent timing 
of skeletal density bands in ceroid corals (Carricart-
Ganivet et al. 2013); furthermore, it will also affect the 
energetic cost of skeleton formation and/or tissue 
maintenance in both skeleton types and explains why 
it is more energetically expensive to build solid skele-
tons (as more CaCO3 is needed to build the skeleton), 
which results in greater differences in calcification 
rates among plocoid corals. However, this hypothesis 
deserves future study and proper scrutiny. 

2.4.  Tissue thickness 

The thickness of the tissue layer (TTL) in female 
corals has been reported to be lower than in male 
corals (Carricart-Ganivet et al. 2013, Tortolero-Lan-
garica et al. 2016, 2017, Mozqueda-Torres et al. 2018). 
Thus, the apparent sex-related differences in the TTL 
may be present in most gonochoric scleractinian 
corals (Figs. 4 & 5). 

It is important to emphasize that the quantity of 
energy required for tissue production and repair is 
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Fig. 4. Thickness of the tissue layer (mean ± SD) of male, female, and hermaphrodites of massive coral species with doc-
umented differences in sclerochonological characteristics between sexes. BLA: Bahía de Los Ángeles; BLP: Bahía de La Paz; 
ISA: Isla Isabel; BAN: Bahía de Banderas; PMR: Puerto Morelos. Asterisks indicate significant differences between sexes (*p < 
0.05). Data obtained from Cabral-Tena et al. (2013), Carricart-Ganivet et al. (2013), Tortolero-Langarica et al. (2016, 2017), and  

Mozqueda-Torres et al. (2018)

Fig. 3. Difference (%) in the calcification rates (±SD) be-
tween sexes by skeleton type (porous–ceroid vs. solid–
plocoid). Data sets collected from Cabral-Tena et al. (2013), 
Carricart-Ganivet et al. (2013), Tortolero-Langarica et al.  

(2016, 2017), and Cruz-Ortega et al. (2020)
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equivalent to the energy required for gamete produc-
tion and/or embryo development (Szmant 1986, Leuz-
inger et al. 2003) and that the TTL is greater when con-
ditions are favorable for coral calcification (Barnes & 
Lough 1992, Cruz-Piñón et al. 2003). Thus, the differ-
ence in the TTL between sexes can also be explained 
in terms of the energy expenditure of each sex. In fe-
males, less energy is available for tissue production 
after factoring in the energetic cost of gamete produc-
tion than in males, which is similar to the pattern 
 observed with sclerochronological characteristics. 
Nonetheless, the TTL is not often re ported in studies, 
but it can be used as a water quality bioindicator 
(Cooper et al. 2008) and stress indicator for coral col-
onies (Barnes & Lough 1999), as it varies with sed-
imentation and nutrient availability (True 1995). Thus, 
the sex of the coral colony must be considered to use 
the TTL as an effective and reliable bioindicator. In 
addition, TTL in corals with porous 
skeletons is highly relevant, as density 
banding arises from thickening of the 
skeleton throughout the depth reached 
by the living tissue layer due to the per-
forate nature of their skeletons; con -
sequent ly, there is a difference be -
tween the ac tual and apparent timing 
of the high-density band for mation (i.e. 
ATD). The studies of  Carricart- Ganivet 
et al. (2013) and  Tortolero-Langarica et 
al. (2016, 2017) describe that the ATD 

also differs between sexes of coral col-
onies, with a higher ATD in males than 
females (Table 2). 

3.  SEX OF THE COLONY AND 
 PALEOENVIRONMENTAL 

 RECONSTRUCTIONS 

As coral skeletons have the poten-
tial to be environmental proxies in 
tropical environments, sex-associated 
differences in sclerochronology un -
der natural environmental conditions 
have considerable implications for 
the interpretation of such records in 
paleoenvironmental reconstructions, 
which has been pointed out re -
peatedly in every study addressing 
these differences (Cabral-Tena et al. 
2013, Carricart- Ganivet et al. 2013, 
Tortolero- Langarica et al. 2016, 2017, 
Mozqueda-Torres et al. 2018, Cruz-

Ortega et al. 2020). Carricart-Ganivet et al. (2013) 
were the first to point this feature out when discus-
sing that the lowest Sr/Ca values in Siderastrea sid-
erea (i.e. summer) were recorded in the LD and HD 
bands of the female and male colonies, respectively. 
In that study, an ATD of density band formation of 6 
mo in HD band formation was observed between 
sexes due to differences in the TTL and extension 
rate; that is, a higher ATD in males than in females. 
Skeletal Sr/Ca records in corals are negatively cor-
related with SST (Shen et al. 1996), and Sr/Ca 
palaeothermometry overestimates changes in SST 
given that their records are affected during skeleto-
genesis within the living tissue layer (Gagan et al. 
2012). Thus, any Sr/Ca time series performed with 
coral species that exhibit sex-associated differences 
in the ATD of density band formation may provide 
inaccurate information if the HD band corresponds 
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Species                             ATD         ATD         Study 
                                         females      males 
 
Porites panamensis       5 mo         7 mo          Tortolero-Langarica et al. (2017) 
Porites lobata                  5 mo        11 mo        Tortolero-Langarica et al. (2016) 
Pavona gigantea            3 mo         6 mo          Tortolero-Langarica et al. (2017) 
Siderastrea siderea       9 mo        16 mo        Carricart-Ganivet et al. (2013)

Table 2. Sex-related differences in the apparent time difference (ATD) of den-
sity band formation. The Pavona gigantea hermaphrodites were considered to  

be male, as they showed similar ATD values

Fig. 5. Images of coral slices displaying longitudinal sections and the penetra-
tion of tissue thickness in massive species (a) Siderastrea siderea female col-
ony, (b) S. siderea male colony (modified from Carricart-Ganivet et al. 2013), 
(c) Porites lobata female colony, and (d) P. lobata male colony. Note the deeper  

penetration of the living tissue layer in the male skeletons of both species
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to high temperatures (i.e. summer) in females. This 
would lead to an overestimation of SST based on 
male records, and an error in the interpretation of 
the SST record and HD band formation in females 
(Carricart-Ganivet et al. 2013). 

More recently, sex-associated variations in the iso-
topic composition (i.e. δ18O and δ13C) of P. panamen-
sis skeletons were identified (Cabral-Tena et al. 2016), 
in which δ18O was higher in female colonies than in 
male colonies (0.31‰ difference) whereas δ13C was 
lower in female colonies than in male colonies (0.28‰ 
difference; Cabral-Tena et al. 2016). The authors men-
tion that when isotopic data of both sexes were 
pooled together, the differences between the isotopic 
records were 0.38‰ in the 18O record and 0.29‰ in 
the 13C record. However, when data were split by sex, 
the differences in the isotopic records between col-
onies of the same sex dropped to 0.07‰ in 18O and to 
0.02‰ in 13C, meaning that the sex of the colony ex -
plains 81% (18O) and 93% (13C) of the differences in 
the ‘vital effect’ (i.e. coral skeletons contain apprecia-
ble amounts of carbon and oxygen in isotopic dis-
equilibrium in comparison to inorganic aragonite pre-
cipitated under isotope equilibrium due to kinetic 
variations attributed to differences in coral growth 
rate) of coral colonies. 

The authors highlight that these differences in 
skeletal δ18O could introduce an error in SST esti-
mates of ~1.0° to ~2.6°C, as faster-growing corals 
show depleted levels of δ18O and enriched levels of 
δ13C compared to those of slower-growing corals 
(i.e. the vital effect; McConnaughey 1989, Felis et 
al. 2003). Cabral-Tena et al. (2016) attributed their 
findings to differences in the vital effect that were 
associated with differential growth rates between 
colonies of different sexes and the role of Ca-
ATPase, an enzyme strongly associated with coral 
calcification in the mechanism of the ‘vital effect’ 
because of the pH gradient that the enzyme estab-
lishes between the coral cell wall and the extracel-
lular calcifying fluid (Adkins et al. 2003, Rollion-
Bard et al. 2003). Cabral-Tena et al. (2016) theorized 
that higher activity of the Ca-ATPase enzyme in 
male corals due to a higher energy availability for 
calcification results in carbon-heavier skeletons 
and oxygen-lighter skeletons in comparison to 
female skeletons. Although these findings are based 
on one gonochoric brooding species (i.e. P. pana-
mensis), their implications should be considered 
when climate conditions are estimated based on 
comparisons of δ18O and δ13C values in commonly 
used gonochoric spawning species such as P. lutea 
and P. lobata. 

4.  SENSITIVITY OF THE CALCIFICATION 
RATE TO THERMAL STRESS AND SEX OF 

THE COLONY: CLIMATE CHANGE COULD 
DISRUPT THE POPULATION STRUCTURE OF 

 GONOCHORIC STONY CORAL SPECIES 

Extrinsic factors, such as SST anomalies, light 
supersaturation, variations in pH, and high sedimen-
tation rates, can decrease the energy available for 
gamete maturation (Szmant & Gassman 1990, Glynn 
1993) and affect sclerochronological characteristics 
depending on the thermal sensitivity and thermal life-
history of the species (Jokiel & Guinther 1978, Barnes 
& Lough 1992, 1993, Mendes & Woodley 2002, Dáva-
los-Dehullu et al. 2008, Carpizo-Ituarte et al. 2011, 
Carricart-Ganivet et al. 2012). Corals that live in sub-
optimal conditions may not produce or assimilate 
enough energy to complete gametogenesis and/or 
calcify ‘healthy’ skeletons (Rodrigues et al. 2008, 
Cohen & Holcomb 2009). For example, in some spe-
cies (e.g. Orbicella), an annual doublet (2 narrow HD 
bands) in the HD band forms as temperature rises and 
oscillates around the optimal calcification tempera-
ture (Wórum et al. 2007, DeCarlo & Cohen 2017). The 
resulting stress-band signature has been reported as 
clear evidence of thermal stress in various coral spe-
cies in the Great Barrier Reef (Cooper et al. 2008, 
De’ath et al. 2009, 2012), Thailand (Tanzil et al. 2009, 
2013), Palau (DeCarlo & Cohen 2017), the Red Sea 
(Cantin et al. 2010), the Caribbean (Carricart-Ganivet 
et al. 2012), and the ETP (Tortolero-Langarica et al. 
2017, 2022). 

The responses and resistance of stony corals to 
environmental stress depend on the energy budget 
provided by the endosymbiont and bacterial core for 
key metabolic processes, such as calcification (Cohen 
& Holcomb 2009, Allemand et al. 2011), gamete and/
or larval development (Szmant 1986, Leuzinger et al. 
2003), and tissue production (Barnes & Lough 1992, 
1999, Cruz-Piñón et al. 2003). Thus, if coral energy 
budgets and energy allocation are associated with 
colony sex, as can be seen in coral growth and TTL, a 
differential response to environmental stress between 
sexes could potentially disrupt the sex ratio and 
demographics of populations and species. To date, 
only 2 studies have addressed a differential response 
to environmental pressure between sexes. 

First, Holcomb et al. (2012) found a negative syner-
gic effect due to an increase in SST and pCO2 on the 
calcification rate and reproduction of Astrangia pocu-
lata, an azooxanthellate coral, under experimental 
conditions. Interestingly, Holcomb et al. (2012) de -
scribed higher sensitivity to increasing SST and pCO2 
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in the growth and reproduction of female colonies 
than male colonies, suggesting a less visible long-
term impact of climate change on the population 
structure and reproduction. Later, Cruz-Ortega et al. 
(2020) found that the calcification rates of Dichocoe-
nia stokesi and Dengrogyra cylindrus were negatively 
correlated with SST when the data of both sexes were 
pooled. However, when the data sets were analyzed 
separately by sex, only the female colonies of both 
species showed a significant dependence of the calci-
fication rate on SST (Cruz-Ortega et al. 2020). This 
finding suggests that climate change may impact 
each sex differently due to a combination of sex-
dependent physiological mechanisms. 

Divergent perspectives emerge when examining 
the information provided herein: (1) regionalization is 
present in the response of coral growth to extrinsic 
factors, and (2) the level of the response of coral 
growth to extrinsic factors may be local and not nec-
essarily regional. Thus, considering that extrinsic fac-
tors may be responsible for some of the variability in 
the sclerochronological characteristics of corals, de -
pending on their thermal sensitivity, thermal history 
of the species, and sex of the colony, we replicated the 
analyses reported by Cruz-Ortega et al. (2020) for the 
data sets of Cabral-Tena et al. (2013), Carricart-Gani-
vet et al. (2013), and Tortolero-Langarica et al. (2016, 
2017) (Table 3); that is, we used the published yearly 
averaged calcification rate data and yearly SST and 
fitted them into some simple linear regressions using 

3 models per data set: one using the yearly average 
female calcification rates data, an other using the 
yearly average male calcification rates data, and the 
last one using the yearly average calcification rates 
data including both sexes (Table 4). We found the 
same tendency for all analyzed species, considering 
their distributions. The calcification rate was neg-
atively related to SST when the data of both sexes 
were averaged; still, when data sets were analy zed 
separately by sex, only the calcification rate of female 
colonies was significantly dependent on SST in all 
cases (Fig. 6, Table 4); i.e. we reached the same con-
clusions as Cruz-Ortega et al. (2020) using other data 
sets. Interestingly, a series of ANCOVA analyses 
showed that the dependence of calcification on SST 
(slope) varied among sites and species (p < 0.05 in all 
cases; Table 4), as has been previously reported 
 (Carricart-Ganivet et al. 2012,  Norzagaray-López et 
al. 2015, Tortolero-Langarica et al. 2016, 2017). 

The results from these analyses support the obser-
vations of Cruz-Ortega et al. (2020) and provide novel 
information regarding the differential response of 
stony corals to climate change among the sexes. For 
example, the calcification rate of female corals is 
more sensitive to changes in SST than that of males, 
which  appears to be a common pattern in gonochoric 
scleractinian corals. The same patterns were obtained 
with data sets of several coral species collected in dif-
ferent sites and reef areas that included corals with 
different skeletal architectures and growth strategies, 
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Species                                            Site                 No. of female   No. of male   Growth years       Study 
                                                 (coordinates)              colonies           colonies      reconstructed 
 
Porites panamensis     Bahía de Los Ángeles            5                         5               1996–2010         Cabral-Tena et al. (2013) 
                                               (29°N, 113°W) 
Porites panamensis           Bahía de La Paz                  4                         6               1998–2010         Cabral-Tena et al. (2013) 
                                               (24°N, 110°W) 
Porites panamensis            Islas Marietas                    1                         3               2003–2012         Tortolero-Langarica et al. (2017) 
                                               (20°N, 105°W) 
Porites lobata                           Isla Isabel                       3                         3               2007–2013         Tortolero-Langarica et al. (2016) 
                                               (21°N, 105°W) 
Pavona gigantea                 Islas Marietas            1 Female,                2               1988–2012         Tortolero-Langarica et al. (2017) 
                                               (20°N, 105°W)    2 hermaphodites 
Siderastrea siderea           Puerto Morelos                  1                         1               1994–2008         Carricart-Ganivet et al. (2013) 
                                                 (20°N, 86°W) 
Montastraea cavernosa   Puerto Morelos                  4                         2            Not mentioned     Mozqueda-Torres et al. (2018) 
                                                 (20°N, 86°W) 
Dichocoenia stokesi         Puerto Morelos                  3                         2               1994–2014         Cruz-Ortega et al. (2020) 
                                                 (20°N, 86°W) 
Dendrogyra cylindrus      Puerto Morelos                  3                         7               1995–2014         Cruz-Ortega et al. (2020) 
                                                 (20°N, 86°W)

Table 3. Metadata of data sets used in the analysis of the mean annual calcification rates as a function of the average annual sea  
surface temperature
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reproduction patterns (e.g. brooding or broadcast 
spawning), and one or several reproductive cycles per 
year (Table 1). 

The fact that female corals are more sensitive to 
changes in SST than male colonies is relevant in the 
context of climate change if the current thermal stress 
trends continue as predicted for all reef areas world-
wide (Pandolfi et al. 2011, Alvarez-Filip et al. 2013, 
Manzello et al. 2017, Hughes et al. 2018). Considering 
that stony corals are being exposed to increasing 
SSTs, the first effect of this environmental stress 
would be a differential decrease in the calcification 
rate (Wórum et al. 2007, Cooper et al. 2008, De’ath et 
al. 2009, Saenger et al. 2009, Tanzil et al. 2009, 2013, 
Cantin et al. 2010, Carricart-Ganivet et al. 2013, 
 Tortolero-Langarica et al. 2017). Here, we show that a 
reduction in the calcification rate will be more severe 
in female colonies (Fig. 6). 

Energy availability and expenditure are estab-
lished hierarchically to cover all base metabolism 
needs in corals (Leuzinger et al. 2012); thus, when a 
colony experiences a reduction in available energy, 
reproduction is inhibited to maintain tissue integrity 
and calcification (Leuzinger et al. 2012). Currently, 
there is some evidence in the eastern Pacific, Carib-
bean, and Hawaii that gametogenesis is inhibited 
when corals experience several and/or severe ther-
mal stress events (e.g. El Niño–Southern Oscilla-
tion; Carpizo-Ituarte et al. 2011, Levitan et al. 2014, 
Hagedorn et al. 2016, Santiago-Valentín et al. 2018). 
Thus, if thermally stressful conditions continue, 
coral fecundity could decrease or female corals 
might have to adjust their energy budgets to com-
pensate for lower calcification rates. Finally, if higher 
growth rates and/or a lower sensitivity to thermal 
stress confer advantages to males during recruitment 
and early community succession, then there might 
be a bias selection toward male-dominated commu-
nities, as suggested by Harrison & Wallace (1990), 
Holcomb et al. (2012), Cabral-Tena et al. (2013), and 
Glynn et al. (2017). 

5.  MISSING PIECES IN THE PUZZLE  
AND  RECOMMENDATIONS FOR  

FUTURE  DIRECTIONS 

The sex-associated differences in the sclerochrono-
logical traits of stony corals have been detected in 
coral species with solid and porous skeletons as well as 
in both spawning and brooding species. The difference 
in growth rates between sexes is consistent among 
species from the Caribbean and ETP regions. It would 
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be interesting to determine whether this pattern is also 
present in other gonochoric genera of the Caribbean 
(e.g. Meandrina, Stephanocoenia), and in other Porites 
corals in the Indo- Pacific, which have been used ex-
tensively for paleo climatic reconstructions and sclero-
chronological studies (Lough & Barnes 2000, Cooper 

et al. 2008, Lough 2008, De’ath et al. 2009, Cantin & 
Lough 2014). 

It would also be interesting to assess whether the 
sex-associated differences in the growth rates of 
stony corals are also present in other corals with com-
plex (or mixed) reproductive histories and strategies 
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Fig. 6. Mean annual calcification rates as a function of the average annual sea surface temperature. (a) Data split by sex: solid 
circles: females; open circles: males. (b) Averaged data. PPAN: Porites panamensis; PLOB: Porites lobata; PGIG: Pavona gigan-
tea; DCYL: Dendrogyra cylindrus; DSTO: Dicochoenia stokesi; and SSID: Siderastrea siderea. Sites: BLA: Bahía de Los Ángeles; 
BLP: Bahía de La Paz; ISA: Isla Isabel; BAN: Bahía de Banderas; and PMR: Puerto Morelos. The color of each line is the same as 
its data marker color. Data sets collected from Cabral-Tena et al. (2013), Carricart-Ganivet et al. (2013), Tortolero-Langarica et  

al. (2016, 2017), and Cruz-Ortega et al. (2020)
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such as Pavona gigantea, which exhibits sequential 
cosexuality as in other agariciid species (Glynn et al. 
1996, 2000, Santiago-Valentín et al. 2015, Tortolero-
Langarica et al. 2017), gynodioecious corals (e.g. 
Porites astreoides; Chornesky & Peters 1987), pseudo-
gynodioecious corals (e.g. Galaxea species; Harrison 
1988), or protandrous species (e.g. Stylophora pistil-
lata; Rinkevich & Loya 1987). Another complication 
arises from the fact that some coral species have 
mixed breeding systems, for example, Dichocoenia 
stokesi has been reported as predominantly gonocho-
ric (~83%) with a small percentage of hermaphrodites 
(~17%) (Hoke 2007). On the other hand, Dengrogyra 
cylindrus has been reported as not strictly gonocho-
ric, with a low portion of the population (~20%) being 
sequential hermaphrodites (Neely et al. 2018), further 
complicating any sex-associated differences in the 
growth rates of these species (which, of course, may 
be true in other species). The sex allocation theory of 
Charnov (1982) proposes that colonies are male dur-
ing early life stages because of the lower energy 
investment required to produce only sperm, which 
allows male colonies to invest more energy in growth 
and survival than female colonies. The energy not 
invested in female reproduction allows male colonies 
to lower their risk of mortality during these important 
initial stages until energy allocation to both female 
and male functions is sustainable at later life stages. 
This results in a differential fitness between sexes 
during the initial life stages (Charnov 1982). Given 
this context, coral colony size is an important variable 
in reproduction, as it is delayed in some species until 
a sufficiently large colony is formed. Thus, a tradeoff 
between coral reproduction and growth seems to 
exist, especially in female colonies (Benayahu & Loya 
1986, Chornesky & Peters 1987, Holcomb et al. 2012). 
It would be interesting to compare sclerochronologi-
cal characteristics during the different life stages of 
coral species, such as before and after colonies reach 
sexual maturity or change sex. In addition, it is neces-
sary to verify if the sexual reproduction strategy (e.g. 
broadcast spawning or brooding) is important during 
the different life history stages of gonochoric coral 
species. 

To identify potential threats and improve manage-
ment strategies for coral reef ecosystems, the inter-
pretation of proxies for environmental records based 
on the skeletons of gonochoric corals should consider 
how sclerochronological characteristics vary with sex. 
It is worth mentioning that sex determination in corals 
is complex and can only be done during a short time 
window before reproductive events. This be comes 
particularly problematic in fossil corals or in colonies 

that were collected for sclerochronological analysis 
but where the collection of tissue samples was not 
considered to identify the sex of the coral (i.e. sex de-
termination is not possible). However, the studies of 
González-Espinosa et al. (2018) and  Pedraza-Pohlenz 
et al. (2023) offer a plausible alternative. González-
Espinosa et al. (2018) and Pedraza-Pohlenz et al. 
(2023) described sexual dimorphism in 3 skeletal mor-
phological traits (corallite diameter, the number of 
neighboring corallites, and the density of corallites 
per unit area) of Porites panamensis and P. lobata in 
the southern Gulf of California, which could serve to 
classify and characterize recent or fossil records cor-
rectly. It is worth mentioning that the findings of 
 González-Espinosa et al. (2018) and Pedraza-Pohlenz 
et al. (2023) were based on only a few sites. Therefore, 
future research is needed to determine whether the 
sexual dimorphism reported by these authors is also 
characteristic of other species and regions. An inter-
esting hypothesis would be whether sexual dimor-
phism is present in other species due to the apparent 
advantages of this characteristic. 

Another important point is that, to our knowledge, 
there are only a few studies addressing, considering, 
or reporting the sex ratio of the populations of gono-
choric corals (Szmant 1986, Cabral-Tena et al. 2013). 
Szmant (1986) mentioned that brooding species tend 
to skew towards female dominance but that on the 
other hand, in broadcasters, the sex ratio is close to 
1:1. Cabral-Tena et al. (2013) found that the sex ratio 
of P. panamensis, a gonochoric brooder, is close to 1:1 
in the Gulf of California. This means that if a large set 
of coral cores or colonies (>20) is used in a study 
addressing sclerochronological characteristics of a 
1:1 sex ratio population, this would average out the 
differences in growth variables between sexes. The 
main problem is that this type of study normally uses 
few colonies (<5), so the chance of having a skewed 
analysis towards either sex, and thus committing 
some misinterpretation of data, is high. This problem 
will be more acute in populations that have a natural 
skew towards either sex. 

It is also necessary to determine whether the doc-
umented differences between sexes in sclerochrono-
logical characteristics (Cabral-Tena et al. 2013, Carri-
cart-Ganivet et al. 2013, Tortolero-Langarica et al. 
2016, 2017, Mozqueda-Torres et al. 2018, Cruz-
Ortega et al. 2020) are present in other reef sites, as 
they may become a marker to determine the sensitiv-
ity and vulnerability of some coral species to climate 
change. Finally, to improve our understanding of the 
differential response to environmental stress between 
scleractinian coral colonies of different sexes and the 
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potentially disruptive implications for the structure 
of coral populations, future research should assess 
whether a sex-associated differential response in 
coral growth and reproduction among sexes of gono-
choric coral species is present with other climate 
change-associated variables in addition to SST, such 
as aragonite saturation or reductions in pH. 

 
 

Acknowledgements. This review could only be done thanks 
to the work of several people involved in many papers and 
theses, which helped and added pieces to this complex 
puzzle. Thanks to Luis Calderón, Orión Norzagaray, 
Cecilia Mozqueda, Eugenio Carpizo, Mijail Pedraza, Pedro 
González, David Paz, Paul Blanchon, Nancy Cabanillas and 
many others. We also thank Andrea Lievana for proofread-
ing the manuscript. 

 
 

LITERATURE CITED 
 

Adkins JF, Boyle EA, Curry WB, Lutringer A (2003) Stable 
isotopes in deep-sea corals and a new mechanism for 
‘vital effects’. Geochim Cosmochim Acta 67: 1129– 1143  

Allemand D, Tambutté E, Zoccola D, Tambutté S (2011) 
Coral calcification, cells to reefs. In:  Dubinsky Z, Stam-
bler N (eds) Coral reefs:  an ecosystem in transition. 
Springer, Dordrecht, p 119−150 

Alvarez-Filip L, Carricart-Ganivet JP, Horta-Puga G, Igle-
sias-Prieto R (2013) Shifts in coral-assemblage composi-
tion do not ensure persistence of reef functionality. Sci 
Rep 3: 3486  

Anthony KRN, Maynard JA, Diaz-Pulido G, Mumby PJ, Mar-
shall PA, Cao L, Hoegh-Guldberg O (2011) Ocean acidifi-
cation and warming will lower coral reef resilience. Glob 
Change Biol 17: 1798– 1808  

Barnes DJ, Lough JM (1992) Systematic variations in the 
depth of skeleton occupied by coral tissue in massive col-
onies of Porites from the Great Barrier Reef. J Exp Mar 
Biol Ecol 159: 113– 128  

Barnes DJ, Lough JM (1993) On the nature and causes of 
density band formation in massive corals. J Exp Mar Biol 
Ecol 167: 91– 108  

Barnes DJ, Lough JM (1996) Coral skeletons:  storage and 
recovery of environmental information. Glob Change 
Biol 2: 569– 582  

Barnes DJ, Lough JM (1999) Porites growth characteristics in 
a changed environment:  Misima Island, Papua New 
Guinea. Coral Reefs 18: 213– 218  

Benayahu Y, Loya Y (1986) Sexual reproduction of a soft 
coral:  synchronous and brief annual spawning of Sarco-
phyton glaucum (Quoy & Gaimard, 1833). Biol Bull 
(Woods Hole) 170: 32– 42  

Cabral-Tena RA, Reyes-Bonilla H, Lluch-Cota S, Paz-García 
DA, Calderón-Aguilera LE, Norzagaray-López O, Balart 
EF (2013) Different calcification rates in males and 
females of the coral Porites panamensis in the Gulf of Cal-
ifornia. Mar Ecol Prog Ser 476: 1– 8  

Cabral-Tena RA, Sánchez A, Reyes-Bonilla H, Ruvalcaba-
Díaz AH, Balart EF (2016) Sex-associated variations in 
coral skeletal oxygen and carbon isotopic composition of 
Porites panamensis in the southern Gulf of California. 
Biogeosciences 13: 2675– 2687  

Cantin NE, Lough JM (2014) Surviving coral bleaching 

events: porites growth anomalies on the Great Barrier 
Reef. PLOS ONE 9:e88720 

Cantin NE, Cohen AL, Karnauskas KB, Tarrant AM, 
McCorkle DC (2010) Ocean warming slows coral growth 
in the central Red Sea. Science 329: 322– 325  

Carilli JE, Norris RD, Black B, Walsh SM, McField M (2009) 
Local stressors reduce coral resilience to bleaching. 
PLOS ONE 4: e6324  

Carpizo-Ituarte E, Vizcaíno-Ochoa V, Chi-Barragán G, 
Tapia-Vázquez O, Cupul-Magaña AL, Medina-Rosas P 
(2011) Evidence of sexual reproduction in the hermatypic 
corals Pocillopora damicornis, Porites panamensis, and 
Pavona gigantea in Banderas Bay, Mexican Pacific. Cienc 
Mar 37: 97– 112 

Carricart-Ganivet JP (2004) Sea surface temperature and the 
growth of the West Atlantic reef-building coral Montas-
traea annularis. J Exp Mar Biol Ecol 302: 249– 260 

Carricart-Ganivet JP (2007) Annual density banding in mas-
sive coral skeletons:  Result of growth strategies to inhabit 
reefs with high microborers’ activity? Mar Biol 153: 1– 5  

Carricart-Ganivet JP (2011) Coral skeletal extension rate:  An 
environmental signal or a subject to inaccuracies? J Exp 
Mar Biol Ecol 405: 73– 79  

Carricart-Ganivet JP, Merino M (2001) Growth responses of 
the reef-building coral Montastraea annularis along a 
gradient of continental influence in the southern Gulf of 
Mexico. Bull Mar Sci 68: 133– 146 

Carricart-Ganivet JP, Cabanillas-Teran N, Cruz-Ortega I, 
Blanchon P (2012) Sensitivity of calcification to thermal 
stress varies among genera of massive reef-building 
corals. PLOS ONE 7: e32859  

Carricart-Ganivet JP, Vásquez-Bedoya LF, Cabanillas-Terán 
N, Blanchon P (2013) Gender-related differences in the 
apparent timing of skeletal density bands in the reef-
building coral Siderastrea siderea. Coral Reefs 32: 
769– 777  

Charnov EL (1982) The theory of sex allocation. Mono-
graphs in population biology, Vol 18. Princeton Univer-
sity Press, Princeton, NJ 

Chornesky EA, Peters EC (1987) Sexual reproduction and 
colony growth in the scleractinian coral Porites astreo -
ides. Biol Bull (Woods Hole) 172: 161– 177  

Clausen CD, Roth AA (1975) Effect of temperature and tem-
perature adaptation on calcification rate in the herma-
typic coral Pocillopora damicornis. Mar Biol 33: 93– 100  

Cohen AL, Holcomb M (2009) Why corals care about ocean 
acidification:  uncovering the mechanism. Oceanography 
22: 118– 127  

Cohen AL, McConnaughy TA (2003) Geochemical perspec-
tives on coral mineralization. In:  Dove PM, De Yoreo JJ, 
Weiner S (eds) Biomineralization. Reviews in mineralogy 
and geochemistry, Vol 54. The Mineralogical Society of 
America, Washington, DC, p 151−187 

Cohen AL, Smith SR, McCartney MS, van Etten J (2004) 
How brain corals record climate:  an integration of skele-
tal structure, growth and chemistry of Diploria labyrinthi-
formis from Bermuda. Mar Ecol Prog Ser 271: 147– 158  

Coles SL, Jokiel PL (1978) Synergistic effects of temperature, 
salinity and light on the hermatypic coral Montipora 
verru cosa. Mar Biol 49: 187– 195  

Colombo-Pallotta MF, Rodríguez-Román A, Iglesias-Prieto R 
(2010) Calcification in bleached and unbleached Montas-
traea faveolata:  evaluating the role of oxygen and glycerol. 
Coral Reefs 29: 899– 907  

Cooper TF, De’Ath G, Fabricius KE, Lough JM (2008) 

180

https://doi.org/10.1016/S0016-7037(02)01203-6
https://doi.org/10.1007/978-94-007-0114-4_9
https://doi.org/10.1038/srep03486
https://doi.org/10.1111/j.1365-2486.2010.02364.x
https://doi.org/10.1016/0022-0981(92)90261-8
https://doi.org/10.1016/0022-0981(93)90186-R
https://doi.org/10.1111/j.1365-2486.1996.tb00068.x
https://doi.org/10.1007/s003380050185
https://doi.org/10.2307/1541378
https://doi.org/10.3354/meps10269
https://doi.org/10.5194/bg-13-2675-2016
https://doi.org/10.1371/journal.pone.0088720
https://doi.org/10.1126/science.1190182
https://doi.org/10.1371/journal.pone.0006324
https://doi.org/10.1111/j.1365-2486.2007.01520.x
https://doi.org/10.1007/s00338-010-0638-x
https://doi.org/10.1007/BF00391130
https://doi.org/10.3354/meps271147
https://doi.org/10.5670/oceanog.2009.102
https://doi.org/10.1007/BF00390713
https://doi.org/10.2307/1541790
https://doi.org/10.1007/s00338-013-1028-y
https://doi.org/10.1371/journal.pone.0032859
https://www.ingentaconnect.com/contentone/umrsmas/bullmar/2001/00000068/00000001/art00013
https://doi.org/10.1016/j.jembe.2011.05.020
https://doi.org/10.1007/s00227-007-0780-3
https://doi.org/10.1016/j.jembe.2003.10.015
https://doi.org/10.7773/cm.v37i1.1773


Cabral-Tena et al.: Sex-associated differences in coral sclerochronology

Declining coral calcification in massive Porites in two 
nearshore regions of the northern Great Barrier Reef. 
Glob Change Biol 14: 529– 538  

Cruz-Ortega I, Cabral-Tena RA, Carpizo-Ituarte E, Grosso-
Becerra MV, Carricart-Ganivet JP (2020) Sensitivity of 
calcification to thermal stress differs between sexes in 
gonochoric reef-building corals Dichocoenia stokesi and 
Dendrogyra cylindrus. Mar Biol 167: 101  

Cruz-Piñón G, Carricart-Ganivet JP, Espinoza-Avalos J (2003) 
Monthly skeletal extension rates of the hermatypic corals 
Montastraea annularis and Montastraea faveolata:  biolog-
ical and environmental controls. Mar Biol 143: 491– 500  

Dávalos-Dehullu E, Hernández-Arana H, Carricart-Ganivet 
JP (2008) On the causes of density banding in skeletons 
of corals of the genus Montastraea. J Exp Mar Biol Ecol 
365: 142– 147  

De’ath G, Lough JM, Fabricius KE (2009) Declining coral cal-
cification on the Great Barrier Reef. Science 323: 116– 119  

De’ath G, Fabricius KE, Sweatman H, Puotinen M (2012) The 
27-year decline of coral cover on the Great Barrier Reef 
and its causes. Proc Natl Acad Sci USA 109: 17995– 17999  

DeCarlo TM, Cohen AL (2017) Dissepiments, density bands 
and signatures of thermal stress in Porites skeletons. 
Coral Reefs 36: 749– 761  

DeSalvo MK, Voolstra CR, Sunagawa S, Schwarz JA and 
others (2008) Differential gene expression during ther-
mal stress and bleaching in the Caribbean coral Montas-
traea faveolata. Mol Ecol 17: 3952– 3971  

Dodge RE, García R, Szmant AM, Swart PK, Forrester A, 
Leder JJ (1993) Skeletal structural basis of density band-
ing in the reef coral Montastrea annularis. In: Richmond 
RH (ed) Proc 7th Int Coral Reef Symp, Guam, 22–26 June 
1992, Vol 1. University of Guam Marine Laboratory, Man-
gilao, p 186–195 

Done TJ (2011) Corals:  environmental controls on growth. In:  
Hopley D (ed) Encyclopedia of modern coral reefs:  struc-
ture, form and process. Springer, Dordrecht, p 281– 293 

Edmunds PJ (2005) The effect of sub-lethal increases in tem-
perature on the growth and population trajectories of 
three scleractinian corals on the southern Great Barrier 
Reef. Oecologia 146: 350– 364  

Fang LS, Chen YWJ, Chen CS (1989) Why does the tip of 
stony coral grow so fast without zooxanthellae? Mar Biol 
103: 359– 363  

Felis T, Pätzold J, Loya Y (2003) Mean oxygen-isotope signa-
tures in Porites spp. corals:  inter-colony variability and cor-
rection for extension-rate effects. Coral Reefs 22: 328– 336  

Gagan MK, Dunbar GB, Suzukiet A (2012) The effect of 
skeletal mass accumulation in Porites on coral Sr/Ca and 
δ18O paleothermometry. Paleoceanogr Paleoclimatol 27: 
PA1203  

Gattuso JP, Frankignoulle M, Bourge I, Romaine S, Budde-
meier RW (1998) Effect of calcium carbonate saturation 
of seawater on coral calcification. Global Planet Change 
18: 37– 46  

Ghiselin MT (1969) The evolution of hermaphroditism 
among animals. Q Rev Biol 44: 189– 208  

Glynn PW (1993) Coral reef bleaching:  ecological perspec-
tives. Coral Reefs 12: 1– 17  

Glynn PW (1997) Bioerosion and coral-reef growth:  a 
dynamic balance. In:  Birkeland C (ed) Life and death of 
coral reefs. Chapman & Hall, New York, NY, p 68– 95 

Glynn PW, Colley SB, Gassman NJ, Black K, Cortés J, Mate 
JL (1996) Reef coral reproduction in the eastern Pacific:  
Costa Rica, Panamá and Galápagos Islands (Ecuador). III. 

Agariciidae (Pavona gigantea and Gardineroseris planu-
lata). Mar Biol 125: 579– 601  

Glynn PW, Colley SB, Ting JH, Maté JL, Guzmán HM (2000) 
Reef coral reproduction in the eastern Pacific:  Costa Rica, 
Panamá, and Galápagos Islands (Ecuador). IV. Agaricii-
dae recruitment and recovery of Pavona varians and 
Pavona spp. Mar Biol 136: 785– 805  

Glynn PW, Colley SB, Carpizo-Ituarte E, Richmond RH 
(2017) Coral reproduction in the eastern Pacific. In:  
Glynn PW, Manzello DP, Enochs IC (eds) Coral reefs of 
the eastern tropical Pacific. Persistence and loss in a 
dynamic environment. Coral reefs of the world, Vol 8. 
Springer, Dordrecht, p 435– 476 

González-Espinosa PC, Paz-García DA, Reyes-Bonilla H, 
Cabral-Tena RA, Balart EF (2018) Evidence of sexual di -
morphism in skeletal morphology of a gonochoric reef 
coral. R Soc Open Sci 5: 171843  

Grigg RW (2006) Depth limit for reef building corals in the 
Au’au Channel, SE Hawaii. Coral Reefs 25: 77– 84  

Grottoli AG, Rodrigues LJ, Palardy JE (2006) Heterotrophic 
plasticity and resilience in bleached corals. Nature 440: 
1186– 1189  

Hagedorn M, Carter VL, Lager C, Ciani JFC, Dygert AN, 
Schleiger RD, Henley EM (2016) Potential bleaching ef -
fects on coral reproduction. Reprod Fertil Dev 28: 
1061– 1071  

Hall VR, Hughes TP (1996) Reproductive strategies of mod-
ular organisms:  comparative studies of reef-building 
corals. Ecology 77: 950– 963  

Harrison PL (1985) Sexual characteristics of scleractinian 
corals:  systematic and evolutionary implications. In: 
Symposia and seminars, Vol 4. Proc 5th Int Coral Reef 
Congr, Tahiti, 27 May–1 June 1985. Antenne Museum-
EPHE, Moorea, p 337–342 

Harrison PL (1988) Pseudo-gynodioecy:  an unusual breed-
ing system in the scleractinian coral Galaxea fascicularis. 
In: Choat JH, Barnes D, Borowitzka MA, Coll JC and 
others (eds) Proc 6th Int Coral Reef Symp, Townsville, 8–
12 August 1988, Vol 2. 6th International Coral Reef Sym-
posium Executive Committee, Townsville, p 699–705 

Harrison PL (2011) Sexual reproduction of scleractinian 
corals. In:  Dubinsky Z, Stambler N (eds) Coral reefs:  an 
ecosystem in transition. Springer, Dordrecht, p 59– 85 

Harrison PL, Wallace CC (1990) Reproduction, dispersal and 
recruitment of scleractinian corals. In:  Dubinsky Z (ed) 
Coral reefs. Ecosystems of the world, Vol 25. Elsevier 
Publishers, Amsterdam, p 133−207 

Helmle KP, Dodge RE, Ketcham RA (2000) Skeletal architec-
ture and density banding in Diploria strigosa by X-ray 
computed tomography. In: Kasim Moosa M, Soemodi-
hardjo S, Soegiarto A, Romimohtarto K, Nontji A, Soe-
karno S (eds) World coral reefs in the new millenium: 
bridging research and management for sustainable de -
velopment, Vol 1. Proc 9th Int Coral Reef Symp, Bali, 23–
27 October 2000. Ministry of Environment, Indonesian 
Institute of Sciences, International Society for Reef 
Studies, p 365–371 

Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS and 
others (2007) Coral reefs under rapid climate change and 
ocean acidification. Science 318: 1737– 1742  

Hoke SM (2007) Gametogenesis and spawning of the ellipti-
cal star coral, Dichocoenia stokesi (Cnidaria:  Sclerac-
tinia) in Southeast Florida. MSc thesis, Nova Southeast-
ern University, Fort Lauderdale, FL 

Holcomb M, Cohen AL, McCorkle DC (2012) An investiga-

181

https://doi.org/10.1007/s00227-020-03713-x
https://doi.org/10.1007/s00227-003-1127-3
https://doi.org/10.1016/j.jembe.2008.08.008
https://doi.org/10.1126/science.1165283
https://doi.org/10.1073/pnas.1208909109
https://doi.org/10.1007/s00338-017-1566-9
https://doi.org/10.1111/j.1365-294X.2008.03879.x
https://doi.org/10.1007/s00442-005-0210-5
https://doi.org/10.1007/BF00397270
https://doi.org/10.1007/s00338-003-0324-3
https://doi.org/10.1029/2011PA002215
https://doi.org/10.1016/S0921-8181(98)00035-6
https://doi.org/10.1086/406066
https://doi.org/10.5194/bg-9-29-2012
https://nsuworks.nova.edu/occ_stuetd/263/
https://doi.org/10.1126/science.1152509
https://www.researchgate.net/profile/Carden-Wallace-2/publication/304784746_Harrison_PL_and_Wallace_C_C_1990_A_review_of_reproduction_larval_dispersal_and_settlement_of_scleractinian_corals_Chapter_7_in_Ecosystems_of_the_World_25_Coral_Reefs_ed_Z_Dubinsky_Amsterdam_Elsevier_p/links/578100a608ae9485a43bce77/Harrison-PL-and-Wallace-C-C-1990-A-review-of-reproduction-larval-dispersal-and-settlement-of-scleractinian-corals-Chapter-7-in-Ecosystems-of-the-World-25-Coral-Reefs-ed-Z-Dubinsky-Amsterdam-Elsevie.pdf
https://doi.org/10.1007/978-94-007-0114-4_6
https://doi.org/10.2307/2265514
https://doi.org/10.1071/RD15526
https://doi.org/10.1038/nature04565
https://doi.org/10.1007/s00338-005-0073-6
https://doi.org/10.1098/rsos.171843
https://www.springerprofessional.de/en/coral-reproduction-in-the-eastern-pacific/10581984
https://doi.org/10.1007/s002270000286
https://doi.org/10.1007/BF00353270
https://doi.org/10.1007/BF00303779


Mar Ecol Prog Ser 743: 167–183, 2024

tion of the calcification response of the scleractinian 
coral Astrangia poculata to elevated pCO2 and effects of 
nutrients, zooxanthellae and gender. Biogeosciences 9: 
29– 39  

Hughes TP, Kerry JT, Baird AH, Connolly SR and others 
(2018) Global warming transforms coral reef assem-
blages. Nature 556: 492– 496  

Hutchings PA (1986) Biological destruction of coral reefs. a 
review. Coral Reefs 4: 239– 252  

Jokiel PL, Coles SL (1977) Effects of temperature on the mor-
tality and growth of Hawaiian reef corals. Mar Biol 43: 
201– 208  

Jokiel PL, Guinther EB (1978) Effects of temperature on 
reproduction in the hermatypic coral Pocillopora dami-
cornis. Bull Mar Sci 28: 786– 789 

Kleypas JA, Buddemeier RW, Archer D, Gattuso JP and 
others (1999a) Geochemical consequences of increased 
atmospheric carbon dioxide on coral reefs. Science 284: 
118– 120  

Kleypas JA, McManus JW, Meñez LAB (1999b) Environ-
mental limits to coral reef development:  Where do we 
draw the line? Am Zool 39: 146– 159  

Knutson DW, Buddemeier RW, Smith SV (1972) Coral chro-
nometers:  seasonal growth bands in reef corals. Science 
177: 270– 272  

Leonard JL (2006) Sexual selection:  lessons from hermaphro-
dite mating systems. Integr Comp Biol 46: 349– 367  

Leuzinger S, Anthony KRN, Willis BL (2003) Reproductive 
energy investment in corals:  scaling with module size. 
Oecologia 136: 524– 531  

Leuzinger S, Willis BL, Anthony KRN (2012) Energy alloca-
tion in a reef coral under varying resource availability. 
Mar Biol 159:177–186 

Levitan DR, Boudreau W, Jara J, Knowlton N (2014) Long-
term reduced spawning in Orbicella coral species due to 
temperature stress. Mar Ecol Prog Ser 515: 1– 10  

López-Pérez RA (2013) Species composition and morpholo-
gic variation of Porites in the Gulf of California. Coral 
Reefs 32: 867– 878  

Lough JM (2008) Coral calcification from skeletal records 
revisited. Mar Ecol Prog Ser 373: 257– 264  

Lough JM (2010) Climate records from corals. WIREs Clim 
Change 1: 318– 331  

Lough JM, Barnes DJ (2000) Environmental controls on 
growth of the massive coral Porites. J Exp Mar Biol Ecol 
245: 225– 243  

Lough JM, Cantin NE (2014) Perspectives on massive coral 
growth rates in a changing ocean. Biol Bull (Woods Hole) 
226: 187– 202  

Lough JM, Cooper TF (2011) New insights from coral growth 
band studies in an era of rapid environmental change. 
Earth Sci Rev 108: 170– 184  

Manzello DP (2010a) Ocean acidification hotspots:  spatio-
temporal dynamics of the seawater CO2 system of eastern 
Pacific coral reefs. Limnol Oceanogr 55: 239– 248  

Manzello DP (2010b) Coral growth with thermal stress and 
ocean acidification:  lessons from the eastern tropical Pac-
ific. Coral Reefs 29: 749– 758  

Manzello DP, Kleypas JA, Budd DA, Eakin CM, Glynn PW, 
Langdon C (2008) Poorly cemented coral reefs of the 
eastern tropical Pacific:  possible insights into reef devel-
opment in a high-CO2 world. Proc Natl Acad Sci USA 
105: 10450– 10455  

Manzello DP, Eakin CM, Glynn PW (2017) Effects of global 
warming and ocean acidification on carbonate budgets of 

eastern pacific coral reefs. In:  Glynn PW, Manzello DP, 
Enochs IC (eds) Coral reefs of the eastern tropical Pacific. 
Persistence and loss in a dynamic environment. Coral 
reefs of the world, Vol 8. Springer, Dordrecht, p 517– 533 

Marshall AT, Clode P (2004) Calcification rate and the effect 
of temperature in a zooxanthellate and an azooxanthel-
late scleractinian reef coral. Coral Reefs 23: 218– 224 

McConnaughey T (1989) 13C and 18O isotopic disequilibrium 
in biological carbonates: I. Patterns. Geochim Cosmo-
chim Acta 53:151–162 

Mendes J (2004) Timing of skeletal band formation in Mon-
tastraea annularis:  relationship to environmental and 
endogenous factors. Bull Mar Sci 75: 423– 437 

Mendes JM, Woodley JD (2002) Effect of the 1995– 1996 
bleaching event on polyp tissue depth, growth, reproduc-
tion and skeletal band formation in Montastraea annu-
laris. Mar Ecol Prog Ser 235: 93– 102  

Mozqueda-Torres MC, Cruz-Ortega I, Calderón-Aguilera 
LE, Reyes-Bonilla H, Carricart-Ganivet JP (2018) Sex-
related differences in the sclerochronology of the reef-
building coral Montastraea cavernosa:  the effect of the 
growth strategy. Mar Biol 165: 32  

Neely KL, Lewis C, Chan AN, Baums IB (2018) Hermaphro-
ditic spawning by the gonochoric pillar coral Dendrogyra 
cylindrus. Coral Reefs 37: 1087– 1092  

Norzagaray-López CO, Calderón-Aguilera LE, Hernández-
Ayón JM, Reyes-Bonilla H, Carricart-Ganivet JP, Cabral-
Tena RA, Balart EF (2015) Low calcification rates and cal-
cium carbonate production in Porites panamensis at its 
northernmost geographic distribution. Mar Ecol 36: 
1244– 1255  

Pandolfi JM, Connolly SR, Marshall DJ, Cohen AL (2011) 
Projecting coral reef futures under global warming and 
ocean acidification. Science 333: 418– 422  

Pedraza-Pohlenz RM, Balart EF, Tortolero-Langarica JAA, 
Rodríguez-Troncoso AP and others (2023) Sexual dimor-
phism in corallite size and modularity of a broadcast 
spawning coral, Porites lobata. Front Mar Sci 9: 1068391  

Perry CT, Spencer T, Kench PS (2008) Carbonate budgets and 
reef production states:  a geomorphic perspective on the 
ecological phase-shift concept. Coral Reefs 27: 853– 866  

Richmond RH (1987) Energetic relationships and biogeo-
graphical differences among fecundity, growth and 
reproduction in the reef coral Pocillopora damicornis. 
Bull Mar Sci 41: 594– 604 

Rinkevich B (1989) The contribution of photosynthetic pro-
ducts to coral reproduction. Mar Biol 101: 259– 263  

Rinkevich B (1996) Do reproduction and regeneration in 
damaged corals compete for energy allocation? Mar Ecol 
Prog Ser 143:297–302 

Rinkevich B, Loya Y (1987) Variability in the pattern of repro-
duction of the coral Stylophora pistillata at Eilat, Red Sea:  
a long-term study. Biol Bull (Woods Hole) 173: 335– 344  

Rodrigues LJ, Grottoli AG, Pease TK (2008) Lipid class com-
position of bleached and recovering Porites compressa 
Dana, 1846 and Montipora capitata Dana, 1846 corals 
from Hawaii. J Exp Mar Biol Ecol 358: 136– 143  

Rollion-Bard C, Chaussidon M, France-Lanord C (2003) pH 
control on oxygen isotopic composition of symbiotic 
corals. Earth Planet Sci Lett 215: 275– 288  

Saenger C, Cohen LA, Oppo DW, Halley RB, Carilli JE (2009) 
Surface-temperature trends and variability in the low-
latitude North Atlantic since 1552. Nat Geosci 2: 492– 495  

Santiago-Valentín JD, Rodríguez-Troncoso AP, Carpizo-
Ituarte E, Benítez-Villalobos F, Torres-Hernández P, 

182

https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1007/BF00298083
https://doi.org/10.1007/BF00402312
https://www.ingentaconnect.com/contentone/umrsmas/bullmar/1978/00000028/00000004/art00017
https://doi.org/10.1126/science.284.5411.118
https://doi.org/10.1093/icb/39.1.146
https://doi.org/10.1126/science.177.4045.270
https://doi.org/10.1093/icb/icj041
https://doi.org/10.1007/s00442-003-1305-5
https://doi.org/10.1007/s00227-011-1797-1
https://doi.org/10.3354/meps11063
https://doi.org/10.1007/s00338-013-1031-3
https://www.dx.doi.org/10.3354/meps07398
https://doi.org/10.1002/wcc.39
https://doi.org/10.1016/S0022-0981(99)00168-9
https://doi.org/10.1086/BBLv226n3p187
https://doi.org/10.1016/j.earscirev.2011.07.001
https://doi.org/10.4319/lo.2010.55.1.0239
https://doi.org/10.1007/s00338-010-0623-4
https://doi.org/10.7773/cm.v41i3.2482
https://doi.org/10.1038/ngeo552
https://doi.org/10.1016/S0012-821X(03)00391-1
https://doi.org/10.1016/j.jembe.2008.02.004
https://doi.org/10.2307/1541546
https://www.int-res.com/articles/meps/143/m143p297.pdf
https://doi.org/10.1007/BF00391465
https://doi.org/10.1007/s00338-008-0418-z
https://dx.doi.org/10.3389/fmars.2022.1068391
https://doi.org/10.1126/science.1204794
https://doi.org/10.1111/maec.12227
https://doi.org/10.1007/s00338-018-1730-x
https://doi.org/10.1007/s00227-018-3288-0
https://doi.org/10.3354/meps235093
https://www.ingentaconnect.com/contentone/umrsmas/bullmar/2004/00000075/00000003/art00006
https://doi.org/10.1016/0016-7037(89)90282-2
https://doi.org/10.1007/s00338-004-0369-y</jrn
https://doi.org/10.1007/978-94-017-7499-4_18
https://doi.org/10.1073/pnas.0712167105


Cabral-Tena et al.: Sex-associated differences in coral sclerochronology

López-Pérez A (2015) Reproductive pattern of the reef-
building coral Pavona gigantea (Scleractinia:  Agaricii-
dae) off southwestern Mexico. Cienc Mar 41: 233– 246  

Santiago-Valentín JD, Colley SB, Glynn PW, Cupul-Magaña 
AL and others (2018) Regional and species specific sexual 
reproductive patterns of three zooxanthellate scleractin-
ian corals across the Eastern Tropical Pacific. Mar Ecol 
39: e12497  

Shen CC, Lee T, Chen CY, Wang CH, Dai CF, Li LA (1996) 
The calibration of D[Sr/Ca] versus sea surface tempera-
ture relationship for Porites corals. Geochim Cosmochim 
Acta 60: 3849– 3858  

Sheppard CRC, Davy SK, Pilling GM (2009) The biology of 
coral reefs. Biology of Habitats. Oxford University Press, 
London 

Smith LW, Barshis DJ, Birkeland C (2007) Phenotypic plasti-
city for skeletal growth, density and calcification of Porites 
lobata in response to habitat type. Coral Reefs 26: 559– 567  

Szmant AM (1986) Reproductive ecology of Caribbean reef 
corals. Coral Reefs 5: 43– 54 

Szmant AM, Gassman NJ (1990) The effects of prolonged 
‘bleaching’ on the tissue biomass and reproduction of the 
reef coral Montastrea annularis. Coral Reefs 8: 217– 224  

Tambutté S, Holcomb M, Ferrier-Pagès C, Reynaud S, Tam-
butté É, Zoccola D, Allemand D (2011) Coral biomineral-
ization:  from the gene to the environment. J Exp Mar Biol 
Ecol 408: 58– 78  

Tanzil JTI, Brown BE, Tudhope AW, Dunne RP (2009) 
Decline in skeletal growth of the coral Porites lutea from 
the Andaman Sea, south Thailand between 1984 and 
2005. Coral Reefs 28: 519– 528  

Tanzil JTI, Brown BE, Dunne RP, Lee JN, Kaandorp JA, Todd 
PA (2013) Regional decline in growth rates of massive 
Porites corals in Southeast Asia. Glob Change Biol 19: 
3011– 3023  

Taylor RB, Barnes DJ, Lough JM (1993) Simple models of 
density band formation in massive corals. J Exp Mar Biol 
Ecol 167: 109– 125  

Tortolero-Langarica JJA, Cupul-Magaña AL, Carricart-
Ganivet JP, Mayfield AB, Rodríguez-Troncoso AP 

(2016) Differences in growth and calcification rates in 
the reef-building coral Porites lobata:  the implications 
of morphotype and gender on coral growth. Front Mar 
Sci 3: 179  

Tortolero-Langarica JJA, Carricart-Ganivet JP, Cupul-
Magaña AL, Rodríguez-Troncoso AP (2017) Historical in -
sights on growth rates of the reef-building corals Pavona 
gigantea and Porites panamensis from the northeastern 
tropical Pacific. Mar Environ Res 132: 23– 32  

Tortolero-Langarica JJA, Rodríguez-Troncoso AP, Cupul-
Magaña AL, Morales-de-Anda DE, Caselle JE, Carricart-
Ganivet JP (2022) Coral calcification and carbonate pro-
duction in the eastern tropical Pacific:  the role of 
branching and massive corals in the reef maintenance. 
Geobiology 20: 533– 545  

True JD (1995) Variations in the thickness of the tissue layer of 
massive corals of the genus Porites (Link, 1807) with varia-
tions in environmental parameters. BSc (Hons) thesis, 
James Cook University of North Queensland, Townsville 

Vecsei A (2004) A new estimate of global reefal carbonate 
production including the fore-reefs. Global Planet 
Change 43: 1– 18  

Veron JEN, Stafford-Smith MG, Turak E, DeVantier LM 
(2016) Corals of the world. www.coralsoftheworld.org/
page/home/ 

Ward S (1995a) The effect of damage on the growth, repro-
duction and storage of lipids in the scleractinian coral 
Pocillopora damicornis (Linnaeus). J Exp Mar Biol Ecol 
187: 193– 206  

Ward S (1995b) Two patterns of energy allocation for growth, 
reproduction and lipid storage in the scleractinian coral 
Pocillopora damicornis. Coral Reefs 14: 87– 90  

Wellington GM, Glynn PW (1983) Environmental influences 
on skeletal banding in eastern Pacific (Panama) corals. 
Coral Reefs 1: 215– 222  

Wórum FP, Carricart-Ganivet JP, Benson L, Golicher D 
(2007) Simulation and observations of annual density 
banding in skeletons of Montastraea (Cnidaria:  Sclerac-
tinia) growing under thermal stress associated with ocean 
warming. Limnol Oceanogr 52: 2317– 2323

183

Editorial responsibility: Chris Langdon,  
Coral Gables, Florida, USA 

Reviewed by: 3 anonymous referees 

Submitted: March 13, 2024 
Accepted: July 15, 2024 
Proofs received from author(s): August 16, 2024

https://doi.org/10.1111/maec.12497
https://doi.org/10.1016/0016-7037(96)00205-0
https://doi.org/10.1007/s00338-007-0216-z
https://doi.org/10.1007/BF00302170
https://doi.org/10.1007/BF00265014
https://doi.org/10.1016/j.jembe.2011.07.026
https://doi.org/10.1007/s00338-008-0457-5
https://doi.org/10.1111/gcb.12279
https://doi.org/10.4319/lo.2007.52.5.2317
https://doi.org/10.1007/BF00304418
https://doi.org/10.1007/BF00303428
https://doi.org/10.1016/0022-0981(94)00180-L
https://doi.org/10.1016/j.gloplacha.2003.12.002
https://doi.org/10.1111/gbi.12491
https://doi.org/10.1016/j.marenvres.2017.10.004
https://doi.org/10.3389/fmars.2016.00179
https://doi.org/10.1016/0022-0981(93)90187-S



